The Large Volume Scenario for getting a non-supersymmetric vacuum in type IIB string theory leads, through the Weyl anomaly and renormalization group running, to an interesting phenomenology. However, for gravitino masses below 500 TeV there are cosmological problems and the resulting Higgs mass is well below 124 GeV. Here we discuss the phenomenology and cosmology for gravitino masses which are 500 TeV. We find (under some plausible cosmological assumptions) that not only is the cosmological modulus problem alleviated and the right value for dark matter density obtained, but also the Higgs mass is in the 122-125 GeV range. However the spectrum of SUSY particles will be too heavy to be observed at the LHC. †
Introduction
The Large Volume Scenario (LVS) [1] of type IIB string theory compactified on a Calabi-Yau orientifold (CYO) with fluxes 1 is a viable framework for discussing phenomenology in a top down approach. However the problem of getting the MSSM in such constructions has not yet been solved. Nevertheless in this class of models, the visible sector is localized in the CYO, so the stabilization problem is essentially decoupled from the problem of finding the MSSM.
By contrast, heterotic string theory models which are MSSM like have been constructed, but the moduli stabilization problem with supersymmetry breaking and a tunable cosmological constant is far from being solved. In fact a major problem in these constructions is that the two issues are not decoupled. Given that in this case there is only one type of flux,
it is not at all clear that with current technology a solution can be found.
The case of type IIA strings is somewhere in between the above two cases. While models close to the MSSM have been found (with intersecting D6 branes for instance) and some progress on moduli stabilization in certain special cases has been made (with 1 For reviews see [2] [3] supersymmetric minima), a viable model whose SUSY breaking phenomenology can be determined is far from being realized.
Within LVS, there have been several different versions which in principle could have resulted in a meaningful phenomenology. However, as has been argued by one of us in a recent paper [4] , some of these appear to have either theoretical or phenomenological problems. A model which survives all constraints (modulo cosmological ones which are addressed here), is that discussed in [5] and [6] and has been named inoAMSB.
In the following we will show that once all the phenomenological (i.e. FCNC) and standard cosmological constraints are imposed, inoAMSB leads to a unique set of predictions.
Our basic assumption is the following:
• The MSSM is located on D3 branes at a singularity of a CYO which is of the "Swiss Cheese" type.
Given this assumption, we need to ensure the following theoretical constraints in order to proceed with the LVS argument, which really applies only to the compactified string theory in the four dimensional low energy regime. In other words, we need to justify a 4D N = 1 supergravity (SUGRA) description. Flux compactifications necessarily proceed via the ten dimensional low energy limit of string theory, which in turn needs to result in a four dimensional theory. The constraints follow from the requirement that the superderivative expansion is valid at each stage. Thus we need:
• The energy scales of the theory E ≪ M KK ≪ M string .
• After SUSY breaking
These are the principle theoretical constraints on the LVS construction. In addition there are phenomenological and cosmological constraints apart from the obvious ones, like the necessity for having a highly suppressed cosmological constant (CC). These constraints include:
• Flavor changing neutral currents (FCNC) must be suppressed.
• The gravitino and the lightest modulus of the string theory compactification must be heavy enough so as not to interfere with Big Bang Nucleosynthesis (BBN) in standard cosmology.
In the context of these string constructions the FCNC constraint translates into a lower bound on the internal volume V [5] . The classical contribution to the soft terms at the UV scale (taken close to the string scale) is highly suppressed (relative to the gravitino mass) by a factor of the volume. However, the gaugino gets a contribution which is only suppressed by a factor of α 4π
, the perturbation expansion parameter of the relevant gauge group. The soft terms at the TeV scale are then generated by RG running essentially by the mechanism of gaugino mediation [7] and are flavor neutral as usual. So the FCNC constraint comes from comparing the classical off diagonal contribution to the RG generated soft term, giving the relevant lower bound. At the string scale (assumed to be close to the GUT scale) the SUSY parameters take their values from the convential inoAMSB arguments. The gauginos gain mass through the super-Weyl anomaly and take the following form:
The scalars are suppressed relative to m 3/2 and are given by
whereξ ∼ O(1) is related to the Euler character of the CYO. For m 3/2 = 500 TeV = 5 × 10 −13 (M P = 1) and V = 10 4 this gives
The A, Bµ/µ and µ terms are still constrained by the size of the uplift necessary to raise the scalar potential to zero. For m 3/2 = 500 TeV, V = 10 4 and h 21 ∼ O(100), these are
In what follows, we compute 2-loop RGE evolution for various soft masses as well as for the µ and Bµ/µ terms using ISAJET [8] . We observe that the SUSY particle masses are generically lifted to the TeV scale. Consequently, this diminishes the likelihood of direct production at the LHC. In Table 1 , we present the SUSY particle masses (physical mass eigenstates) for this model with various values of m 3/2 and tan(β). In Figure 1 , we plot the (1-loop) SUSY sparticle mass RGE evolution.
In Figure 1 , we call attention to the fact that M Table 1 : Masses and parameters in GeV units for five case study points inoAMSB1,2,3,4,5 using ISAJET 7.79 with m t = 172.6 GeV and µ > 0. We also list the total tree level sparticle production cross section in fb at the LHC. 
Cosmological Issues Cosmological Modulus Problem
Within inoAMSB models, there exists the potential for conflict with the Cosmological Modulus Problem [10] [11] . Essentially, the sGoldstino, which is a light scalar modulus, can dominate the energy density of the universe and decay during the era of Big Bang Nucleosynthesis, disrupting the consistency of the BBN model. In LVS, the light scalar modulus has a mass given by
For m 3/2 = 500 TeV and V = 10 4 , this gives a modulus mass of m mod ∼ 5 TeV, somewhat below the phenomenological bound of 10 TeV which is usually quoted in the literature. We can satisfy this bound by raising m 3/2 to 1000 TeV. This will lift the sparticle spectrum into the 10 ′ s of TeV's, as can be seen in the last column of Table 1 . This greatly suppresses the likelihood of direct detection at the LHC. In addition, one might naively assume that the dark matter relic abundance, Ω DM h 2 , would violate known bounds. However, as we explain later, this bound is still satisfied.
Nevertheless, in the case of a concrete string theory set up (e.g. LVS in type IIB), the cosmological modulus bound is actually much higher than 10 TeV. Consequently, increasing the gravitino mass to 1000 TeV does not solve the problem. The reason for this is that the standard result is derived by assuming that the coupling of the modulus to the visible sector is only suppressed gravitationally, giving a decay width of the form Γ = λm 3 mod /M 2 P , where λ ∼ O(1). However in the relevant string theory calculation there is an additional suppression (see [12] ). Thus the actual lower bound on the modulus mass ranges from about 30 TeV to about 100 TeV depending on the details of the scenario. The upshot is that this string theoretic picture is incompatible with the standard cosmological scenario even with a gravitino mass of 10 3 TeV. We therefore consider two possible alternatives: a) Thermal inflation: (see Lyth and Stewart [13] ). A period of late inflation (leading to just a few e-foldings of exponential expansion) appears to be very natural in the context of string theory models. In fact as pointed out in [14] , this can solve the modulus problem in LVS type models even for relatively low moduli masses. On the other hand this mechanism may also dilute the dark matter abundance discussed in the next section. Thus whether or not this mechanism works in our context is dependent on the details of the model of thermal inflation.
b) A more appealing solution within the context of the LVS scenario, in our opinion, is the one suggested by Linde [15] . This argument goes as follows. In general one expects in the effective action higher dimension operators of the form δL = Now, in the string theory context, the effective cutoff is the Kaluza-Klein scale M KK so that in alternative b) above C = M P /M KK = V 2/3 . In our LVS scenario therefore we have (for internal volume V = 10 4 ) C = 10 8/3 which gives a extremely large suppression of the oscillation amplitude. This is thus a promising avenue for solving the cosmological modulus problem in our context and we hope to investigate this further in a separate publication.
Dark Matter Relic Abundance
It is a well known problem [16] that AMSB type models generically produce a dark matter relic abundance that is several orders of magnitude lower than the current experimental value (Ω DM h 2 ∼ 0.11 [17] ). This is attributable to the near degeneracy between the lightest wino and the lightest zino. Their mass difference is typically ∼ O(100 MeV). This leads to an overabundance of W at freeze-out and efficient W , Z co-annihilation. However, when m 3/2 = 500 TeV, the mass difference between W and Z is ∼ O(2 GeV). This suppresses the abundance of W at freeze-out and hence raises the SUSY contribution to dark matter relic abundance. For m 3/2 = 500 TeV, the value calculated from ISAJET is Ω DM h 2 ≈ 0.11.
In Figure 2 , we plot the dark matter relic abundance with tan(β) = 10. We see that the experimental bound is roughly saturated for m 3/2 = 500 TeV and m 3/2 = 750 TeV. In particular, for m 3/2 ∼ 1000 TeV, the experimental bound on dark matter relic abundance is not violated but some other mechanism must account for it.
Finally we note that in our scenario we are assuming that other possible sources of dark matter such as axions do not contribute significantly to the relic abundance.
Note that although the coannihilation process gets suppressed with increasing m 3/2 , since the mass difference between the chargino and the LSP increases (see Table 1 ), the annihilation process is enhanced due to s-channel resonance effects. (For a discussion see [18] and the references to earlier work cited there). Hence, contrary to the naive expectation, at some point the dark matter density curve turns down as the gravitino mass increases beyond about 600 GeV, as seen in the figure above. 
Phenomenological Issues FCNC and Anomalous Magnetic Moment of the Muon
The SUSY particle spectrum determined by this model is also subject to constraints on known Standard Model processes. In particular, the flavor changing neutral current process b → sγ as well as the anomalous magnetic moment of the muon, δa µ ≡ (g−2) µ , are influenced by the presence of SUSY particles in their respective loop diagrams. For our model, the calculated values from ISAJET for these quantities are presented in Table 2 along with the corresponding experimental values [19] [20] . From these results we conclude that our model does not violate these phenomenological constraints.
Experimental Value Estimated Value (g − 2) µ 29.5 ± 8.8×10 Table 2 : Phenomenological constraints for inoAMSB with m 3/2 = 500 TeV, m 0 = 407 GeV, A 0 = 50 GeV, tan β = 40 using ISAJET 7.79 with m t = 172.6 GeV and µ > 0.
Note that in Table 1 the value of the µ-term is an output determined by the experimentally measured value of the Z mass. In these string theory constructions the value of this term is dependent of the mechanism which is responsible for lifting the LVS minimum to a positive value at the 10 −3 eV scale. As discussed in [5] one needs to turn on F-terms in either the dilaton or the complex structure directions in order to achieve this. However these quarks will not be energetic enough to produce jets that meet LHC trigger requirements.
One can see from the production cross section calculations (given in the bottom rows of Table 1) , that even for an integrated luminosity of 100 fb −1 . The LHC will produce fewer than 10 events. This clearly limits any hope of direct production of SUSY particles at the LHC.
Conclusion
As we discussed in the introduction, with a rather minimal set of string theory inputs, phenomenological constraints (chiefly the absence of FCNC) and cosmological constraints,
we have obtained a very predictive phenomenology. The main output is the correlation between satisfying the light modulus and neutralino dark matter constraint on the one 2 For an explicit example see the recent paper [21] .
hand (which essentially limits the value of the gravitino mass to a range between 500 TeV and 800 TeV) and the value of the mass of the light Higgs, giving the latter in the range where it may have been observed at the LHC. Unfortunately even the LSP in this scenario is at 1.4 TeV, so that it is unlikely to be observed there. On the other hand, if sub TeV scale superparticles (for instance a light stop) is observed this version of string phenomenology will be ruled out.
We should also comment here on fine-tuning or the so-called little hierarchy problem.
What we would like to emphasize is that in the top down approach that we are taking there is very little freedom to get so-called natural SUSY with no (or very little) fine-tuning. While in a bottom up approach one has more freedom, the whole point of top down approaches is to find the restrictions that are imposed by the need to embed the theory in a UV complete framework such as string theory. In this case in the class of string theory models that we are considering at least, there is an inevitable little hierarchy problem (at the level of about 1 part in 10 3 ).
It is useful to deconstruct the arguments made here to understand precisely what input or set of inputs would need to be changed, and indeed if one has any room to maneuver whatsoever to get a low mass spectrum. Firstly, let us take a purely phenomenological supergravity approach. From this perspective the essential features of the scenario are a) sequestering i.e. the classical soft masses are highly suppressed compared to the gravitino mass b) the gaugino masses are generated at some high scale close to the GUT scale by the Weyl anomaly [22] , i.e. eqn. (1) . Since the actual value of the classical mass in Table 1 is essentially irrelevant as long as it is highly suppressed compared to the gravitino mass (i.e.
≪ ( α 4π
)m 3/2 ) the rest of the phenomenology and in particular the Higgs mass and the dark matter density follows.
The question is how generic is this phenomenology. Obviously the first requirement is that we start with a sequestered situation, i.e. one in which the classical soft parameters are highly suppressed relative to the gravitino mass. The second requirement is the validity of the Weyl anomaly formulae (eqn. (1)). This follows quite generally from the Kaplunovsky-Louis formula for the gaugino mass [22] [23] when, as in a sequestered model, the classical term can be ignored. Then the anomaly term (b i /16π 2 )F i K i 3 gives the formula eqn. (1) since F i K i ∼ m 3/2 once the CC is tuned to leading order. The string theory input, i.e. type IIB with LVS compactification, is simply a concrete realization of this inoAMSB framework.
Finally there is the issue of the cosmological moduli problem. As we've discussed it is plausible that it is solved either by a period of thermal inflation or by the mechanism discussed in [15] . Thus our conclusions are based on the following two assumptions about the cosmology of our model. 2. The cosmological moduli problem can be solved either by a mechanism similar to that suggested in [15] or (less plausibly) by a period of thermal inflation which while diluting the light modulus does not seriously affect the dark matter abundance.
If these two assumptions are satisfied then our string theoretic model gives a Higgs mass that is consistent with the observed value and a dark matter density of the right amount, when the gravitino mass is taken to be in the range 500 − 750 TeV.
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3 K i , F i are the derivative of the Kähler potential and the supersymmetry breaking F-term respectively.
